but increase via GABA A R-dependent mechanisms that also increased CBF responses, we hypothesize that the fast Ca 21 increases in end-feet adjust CBF during synaptic activity.
. In vivo astrocytic Ca 21 responses have been studied primarily in the astrocyte soma, though the dynamics of Ca 21 responses in the astrocyte processes and end-feet differ from somatic responses (Bindocci et al., 2017; Kanemaru et al., 2014; Reeves, Shigetomi, & Khakh, 2011; Srinivasan et al., 2015; Stobart et al., 2016) . In addition, astrocytes can be compartmentalized, with one part of a cell responding independently from its other parts (Bindocci et al., 2017; Shigetomi et al., 2013) . Fast Ca 21 responses in astrocyte processes may influence synaptic transmission, affecting the activity in nerve networks (Di Castro et al., 2011; Panatier et al., 2011) . Stimulation-induced Ca 21 responses in astrocyte end-feet are of great interest for neurovascular coupling because they have been found to influence vascular diameter in slices (Dunn, HillEubanks, Liedtke, & Nelson, 2013; Gordon et al., 2008) and to occur prior to vasodilatation in vivo (Lind et al., 2013; Otsu et al., 2015; Petzold et al., 2008) .
Here, we compare the fast Ca 21 responses in neuropil and astrocyte processes to those in astrocyte end-feet during whisker pad stimulation of the mouse barrel cortex. Importantly, the astrocytic source of the fast Ca 21 changes was verified using a genetically encoded, astrocyte-specific Ca 21 indicator. Fast Ca 21 increases in neuropil and astrocyte processes depended on preserved NMDA receptor (NMDAR) activity but were unnecessary for the development of a CBF response.
In contrast, local Ca 21 increases in astrocyte end-feet were unaffected 
| M A TE RI A L S A ND M E TH ODS

| Experimental setup
All procedures involving animals were approved by the Danish National
Ethics Committee according to the guidelines set forth in the European
Council's Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes and to the ARRIVE guidelines. Forty-seven male white Naval Medical Research Institute mice [8 weeks old, Crl:NMRI (male)] were surgically prepared for experiments, and a craniotomy was performed. A total of 37 of these animals were used for the two-photon microscopy experiments. An additional 10 animals were used to study blood flow in a separate experimental setup.
The mouse sensory barrel cortex was activated by electrical stimulation of the contralateral ramus infraorbitalis of the trigeminal nerve in trains of 15 s at 0.5-5 Hz. The trains of stimulations were repeated three times for each frequency in each animal. In three mice, air puffs lasting 0.2 ms were applied to the whiskers at similar stimulation frequencies. In the whisker cortex layer II/III, the extracellular local field potentials (LFPs) were recorded to measure field excitatory postsynaptic potential (fEPSP). The hemodynamic responses were measured by intrinsic optical signals or monitored using laser Doppler flowmetry. Ca 21 imaging was performed using two-photon microscopy. In 27 mice, the tissue was loaded with the red astrocyte-specific dye sul- 
| Image analysis
A series of OGB/SR101 images were taken before and during whisker pad stimulation. Several square sections were cropped from each image, each containing either an astrocyte process or astrocyte endfeet ( Figure 1a and Supporting Information Fig. S1a ). The series of cropped images was rearranged as previously described (Lind et al., 2013 ) using the stimulation time as a time lock; data points were superimposed to form a cloud of data points as though they were obtained Next, the fast Ca 21 response was analyzed with regard to timing, maximum peak amplitude, and whether the response was significantly larger than baseline, defined as at least four data points above 2 s. 
| Statistical analysis
The drug effects on fEPSP and CBF responses, as well as the size and timing of fast Ca 21 signals, were analyzed using three-way analysis of variance (ANOVA; R, R Development Core Team 2010; R Foundation for Statistical Computing, Vienna, Austria) on the range of stimulation frequencies applied (0.5-5 Hz), followed by a paired t-test for significance at a specific stimulation frequency. The significance level was set at a two-tailed a of 0.05. In some cases, data were log-transformed before analysis to obtain a normal distribution. All studies were paired to ensure that the control measurements were carried out in the same animals that would later be exposed to a drug.
Part of the dataset for 24 of the 37 mice examined by two-photon microscopy imaging was published in two previous papers (Jessen et al., 2014; Lind et al., 2013) . Those studies involved another analytical method for evaluating Ca 21 changes, and neither reported the drug effects on fast Ca 21 responses in astrocyte processes or end-feet.
| Comparison of the ROI and POI methods
To compare the sensitivity of the POI and region of interest (ROI) methods to correctly select astrocytic pixels, the two approaches were applied to a dataset in which the ideal classification of pixels was known. This dataset was developed through manual evaluation of 12 different series of frames in four animals, and each astrocytic pixel was designated based on a combination of visually selecting adjacent pixels and the intensity of SR101 loading. A total of 732 frames were reviewed and then submitted to automatic pixel selection by the ROI and POI methods. The percent of astrocytic pixels correctly identified by each method was calculated, as well as the percent of pixels selected by either method that were not astrocytic ( Figure 1d ).
| RE S U L TS
We previously provided evidence for fast stimulation-induced Ca 21 responses in astrocyte structures in layer II/III of the whisker barrel cortex using the Ca 21 indicator OGB (Lind et al., 2013) . In that study, our analysis was based on the mean fluorescence activity within ROIs selected based on staining with the astrocyte-specific marker SR101, First, astrocytic pixels were selected manually (red dots). Second, we applied the POI method to the same image in a blinded fashion. (e) The POI method was more sensitive than the ROI method in detecting astrocytic pixels (n 5 12,
cell morphology, and connection to blood vessels. With regard to smaller structures, such as astrocyte processes and end-feet, this procedure may be less satisfactory because of the imperfect fit of a ROI and the low number of pixels measured in the structure. To address this issue, we developed an analytical method by which POIs are defined based on the intensity of SR101 detected in individual pixels (Supporting Information Fig. S1 ). This approach increased the sensitivity, as more pixels in a small structure could be included in the study.
The first step was to isolate a rectangular section of image that contained only the astrocyte structure to be evaluated ( Figure 1a ). This step was necessary because the uptake of dye is sometimes dissimilar over a field of view and between astrocyte somas and processes. Thus, with the inclusion of only a single astrocyte structure within the section, the algorithm that defined the pixels with significant SR101 levels was applied to more homogeneous SR101 staining and achieved greater accuracy. All pixels with significant SR101 levels were classified as astrocytic, whereas the rest were considered to be nonastrocytic.
For each section of an image, a separation value was determined for significant SR101 staining. The accuracy of this value was verified by comparing the distribution of SR101 levels in two clusters of pixels within the same image section containing either only astrocytic or nonastrocytic pixels (Figure 1b ).
In the investigated series of image sections, we found that the separation value matched the cross point between the two distributions or had a tendency toward the SR101 mean; this outcome was what we had aimed for to minimize the number of nonastrocytic pixels among astrocytic pixels. Next, for each pixel, we compared the size of the Ca 21 responses during whisker pad stimulation and the level of SR101 detected during that response ( Figure 1c ). We included this comparison because of the unavoidable contribution of OGB emission to the SR101 signal; OGB emits light in the red spectrum even though its primary emission is in the green spectrum. No relationship was found between detected SR101 levels and the size of the shift in OGB emission, indicating that no pixels changed status from nonastrocytic to astrocytic as a result of enhanced Ca 21 levels during stimulation.
For a direct comparison of the accuracy of the POI and ROI methods, we applied both to a set of data in which the precise numbers and positions of astrocytic pixels were predefined by manual/visual scoring ( Figure 1d ). The POI method had significantly higher sensitivity (n 5 12,
, t-test) by selecting 57.4 6 4.5% of the pixels pre-defined as astrocytic; the ROI method selected only 40.4 6 7.4%. However, the specificities of the two methods were comparable. Of the pixels selected by the POI method, 21.3 6 4.9% were not predefined as astrocytic; this was true for 27.2 6 8.5% of the selected pixels with the ROI methods ( Figure 1e ). ropil than in astrocyte processes and 18 6 9.6% more than in end-feet; Figure 2f and Table 1 ), whereas the magnitude of Ca 21 responses was slightly but significantly higher in astrocyte structures compared to neuropil (astrocyte processes 2.3 6 1.6% and astrocyte end-feet 3.9 6
1.2% higher than in neuropil; Figure 2g and Table 1 ). Finally, the neuropil Ca 21 responses preceded astrocyte responses with regard to onset time (astrocyte processes 13.7 6 6.5 ms and astrocyte end-feet 10.8 6 6.3 ms later than in neuropil), peak time (astrocyte processes 18.2 6 6.5 ms and astrocyte end-feet 18.3 6 5.0 ms later than in neuropil), and decay time (astrocyte processes 165.5 6 90.8 ms and astrocyte end-feet 144.3 6 83.5 ms later than in neuropil; Figure 2h and Table 1 (Figure 3g and Table 1 ) and smaller ( Figure   3h and Table 1 ) than those measured with OGB. Most importantly, the timing of the responses was similar (Figure 3i and Table 1 To target the excitatory system, two glutamate receptor antagonists blocking NMDAR or the AMPA receptor (AMPAR) were applied.
MK801, which blocks NMDAR, did not reduce the fEPSP amplitudes (Figure 4c ), but it did reduce the occurrence (Table 2 ) and the amplitude of the fast Ca 21 responses in the neuropil (Figure 4b, top) . This effect was predictable due to the reduced influx of Ca 21 through NMDARs, but the effect on Ca 21 activity in astrocytes was unexpected. In the astrocyte processes, MK801 significantly reduced the amplitude (Figure 4b, middle) and responsiveness of POIs (Table 2 ). This influence of impaired NMDAR activation on Ca 21 responses in both neuropil and astrocyte processes associated the fast Ca 21 responses in astrocyte processes more closely with neuronal Ca 21 levels, which may be explained by the close association between astrocyte processes and the synapse.
In contrast, MK801 did not reduce the occurrence or magnitude of fast Ca 21 responses in the astrocyte end-feet (Figure 4b , bottom, and Table 2 ). Importantly, the stimulation-induced CBF responses were unaffected by MK801 (Figure 4d ). This observation suggests that the stimulation-induced blood flow responses were independent of the fast Ca 21 responses in astrocyte processes and neuropil but covaried with the fast Ca 21 responses in astrocyte end-feet.
The AMPAR antagonist CNQX blocked synaptic transmission, as indicated by a marked reduction in the fEPSP amplitude for both 1 and (Jessen et al., 2014) , as reflected in larger fEPSPs (n 5 13, 1 Hz: p < 0.005; 3 Hz: p < 0.005, t-test) and CBF responses (n 5 8, 1 Hz: p < 0.05, t-test). At 100 mM, THIP reduced the activation of all neurons, leading to a reduction in the size of the fEPSPs (n 5 13, 1 Hz: p < 0.05; 3 Hz: p < 0.05, t-test) and CBF responses (n 5 8, 3 Hz: p < 0.005, t-test). (f) The maximum amplitude of the fast Ca 21 responses in neuropil (top) was significantly reduced by only 100 mM THIP (n 5 10). THIP did not significantly reduce the amplitude of fast Ca 21 responses in astrocyte processes (middle panel), but in astrocyte end-feet (bottom) responses were significantly increased by 1 mM THIP (n 5 10) and reduced by 100 mM THIP (n 5 10). Boxplots show mean (line), s.d. (box), and s.e.m. (whiskers). *p < 0.05, **p < 0.01, t-test 4d). Thus, both fast Ca 21 activity in astrocytes and CBF responses depended on intact synaptic input to the cortex.
Next, the inhibitory system of the whisker barrel cortex was targeted with THIP, which tonically activates extrasynaptic GABA A R. The effect of THIP on CBF and EPSP was presented and discussed in our earlier work (Jessen et al., 2014) . From that previous study, we knew that a 1 mM dose of THIP primarily affects inhibitory interneurons, leading to general disinhibition that is reflected in larger fEPSPs and CBF responses to 1 Hz whisker pad stimulation (raw data example in Figure 4e ). In contrast, a higher dose of THIP (100 mM 
| D ISC USSION
Here, we showed that fast Ca 21 responses can be detected in astrocyte processes using both chemical and genetically encoded Ca 21 indicators in vivo during somatosensory stimulation. We also found that different pharmacological interventions affect stimulation-induced fast Ca 21 responses in astrocyte end-feet and CBF responses to the same extent. Thus, we suggest that CBF responses may relate more to the fast Ca 21 activity in astrocyte end-feet than to Ca 21 responses in the neuropil and astrocyte processes. We described a novel method of investigating small astrocyte structures that is faster, less biased, and more optimal than when selecting ROIs based on visual evaluation.
This method involved the use of a pixel-based analysis to improve the evaluation of Ca 21 activity within small cellular structures. The quality of the method was assessed and compared to the ROI method commonly used for Ca 21 imaging. The POI method is relevant in studies using a fluorescent indicator that loads all types of cells equally, and cell specificity is achieved by counterstaining with a fluorescent marker for a specific cell or structure. In addition, the technique can be helpful in studying small structures. The method uses pixels that are selected from the average of several images, which improves the signal-to noise ratio and allows the study of Ca 21 changes in small structures at the limit of spatial resolution. The more precise definition of astrocytic areas gives assessment of Ca 21 responses in astrocyte processes and end-feet with higher sensitivity.
Astrocytes are known to compartmentalize; they have Ca 21 responses in microdomains (Asada et al., 2015; Bernardinelli et al., 2011) , and isolated responses have been detected in both astrocyte processes (Di Castro et al., 2011; Panatier et al., 2011; Shigetomi et al., 2013 ) and end-feet (Girouard et al., 2010; Gordon et al., 2008 ; Petzold tures. The structures defined as astrocyte end-feet were identified by their close connection to blood vessels, whereas astrocyte structures unrelated to blood vessels or close to the astrocyte soma were classified as processes. The astrocyte processes investigated here were among the largest branches, which successively split into numerous ultra-thin structures (Tong, Shigetomi, Looger, & Khakh, 2013) . When OGB is used as the Ca 21 indicator, the very thin structures are inseparable from the neuropil, which consist of neuronal dendrites and processes. The Ca 21 signal from the neuropil is thought to primarily reflect the activity in neuronal dendrites (Dombeck, Khabbaz, Collman, Adelman, & Tank, 2007; Kerr & Denk, 2008; Lind et al., 2013) . This notion is supported by our observation that the fast Ca 21 responses measured using the genetically encoded GCaMP6f in gliapil were small or non- animals (Di Castro et al., 2011; Kanemaru et al., 2014; Nizar et al., 2013) . These mice had intact neurovascular coupling despite the astrocytes lacking IP 3 R (Bonder & McCarthy, 2014; Nizar et al., 2013) and dilation of blood vessels without obvious changes in Ca 21 levels (Institoris, Rosenegger, & Gordon, 2015) . Interestingly, a more recent study showed intact Ca 21 responses in astrocyte processes in IP 3 R KO animals (Rungta et al., 2016; Srinivasan et al., 2015) . In addition, other studies maintain that Ca 21 in astrocyte processes and end-feet plays a role in CBF regulation (Biesecker & Srienc, 2015; Dunn et al., 2013; Otsu et al., 2015) , which our results tend to support. These conflicting results may have been conciliated by two recent studies showing how astrocytic Ca 21 changes are essential for the dilation of capillaries, but not arterioles (Biesecker et al., 2016; Mishra et al., 2016 responses in the neuropil and astrocyte processes in the current study, fast Ca 21 responses were preserved in the astrocyte end-feet. Similarly, the sizes of the fEPSP and CBF responses were unchanged. The same dose of MK801 was previously shown to reduce CBF responses to stimulation of the whisker barrel cortex in rats (Nielsen & Lauritzen, 2001 ), but much higher doses are required to reduce the CBF in mice (Toussay, Basu, Lacoste, & Hamel, 2013) . Low dose of the extrasynaptic GABA A R agonist increased fEPSPs and augmented CBF responses during low-frequency stimulation because of an inhibition of inhibitory interneurons (Jessen et al., 2014) . The result is disinhibition, which was also observed in this study with the significantly increased fast Ca 21 responses in astrocyte end-feet during low stimulation frequencies.
This effect suggests the participation of interneurons in the regulation of end-feet activity, as inhibitory interneurons terminate on astrocytes close to the vessels (Hamel, 2006) and contribute to astrocytic Ca 21 responses (Doengi, Deitmer, & Lohr, 2008; Simard, Arcuino, Takano, Liu, & Nedergaard, 2003) . A complete blood flow response has been found to depend on the activity of both inhibitory interneurons and astrocytes (Lecrux et al., 2011) . In slices, vasointestinal peptide and somatostatin released from interneurons stimulate Ca 21 responses in astrocyte end-feet prior to vasodilation (Straub, Bonev, Wilkerson, & Nelson, 2006) . These results support the hypothesis that astrocyte end-feet function as a separate entity (Nuriya & Yasui, 2013) and could explain why the fast Ca 21 responses in the current study were less sensitive to MK801 but more susceptible to activation of the extrasynaptic GABA A Rs. High dose THIP (100 mM) reduced CBF and fEPSP responses (Jessen et al., 2014) 
